A laser ignition microthruster was developed for microspacecraft propulsion. Small solid-propellant pellets were ignited by a diode laser beam to produce a high impulse from a very small power source. Basic experiments showed that the microthruster produced an impulse of 60 mNs, using 60 mg B/KNO 3 pellets ignited by a 1 W laser beam. A space-based demonstration of the microthruster system is planned onboard a microspacecraft named KKS-1, which has been chosen by the Japan Aerospace Exploration Agency as one of the six small satellites to be launched with the Greenhouse Gases Observing SATellite, which is scheduled to be launched on a H2A rocket in early 2009.
Introduction
The schematic of the microthruster system is shown in Fig.  1 . The microthruster consists of a diode laser system used to ignite a solid propellant, and a laser-transparent propellant case, which functions as a combustion chamber and nozzle. B/KNO 3 was used as the propellant, 2) which was supplied in the form of cylindrical pellets by Nichiyu Giken Kogyo Co. Ltd. B/KNO 3 was chosen from among other pyrotechnics because it is easily ignited in a vacuum, and it has proven reliability in space applications.
Microspacecraft have increasingly attracted the interest of researchers in many areas. However, they currently lack a propulsion system that enables them to change their velocity in space. In order to perform future space missions using microspacecraft, a compact propulsion system is required. This paper presents a microthruster system for microspacecraft, in which small solid-propellant pellets are ignited by irradiation from a diode laser.
1) The advantages of this thruster system are its compact size and its high impulse-to-input-energy ratio compared with other propulsion systems.
The operational procedure of the microthruster system is as follows. First, the diode laser is focused on the surface of a B/KNO 3 pellet, irradiating it through the transparent propellant case. Second, when the solid propellant is ignited by this irradiation, the gas generated by combustion expands though the nozzle to produce impulse power.
The microthruster system presented in this paper was designed to produce an impulse of the order of 10~100 mNs, which is sufficient to enable a 1-to 10-kg class microspacecraft to control its attitude and perform positional maneuvering. Because the available power supply from a microspacecraft is extremely low (around several watts), too low to drive an electric propulsion or other advanced propulsion system solely by electric power, a high-energy propellant, boron/potassium nitrate (B/KNO 3 ), was employed.
The advantages of this system are 1) it has a high impulse-to-input-energy ratio, 2) the power of the impulse can be digitally predetermined by changing the number and size of the solid propellant pellets, and 3) contamination of the optical system, which is one of the concerns of a laser-based propulsion system, is avoided because the propellant case acts as a shield against the combustion gas. In the thruster, diode lasers are employed to ignite the propellant. Laser ignition provides many benefits such as a high energy intensity, electrical insulation, precise control of heating time, and direct transfer of the energy into the propellant. A diode laser also offers great advantages over other lasers in terms of its compact size, low cost, high energy-conversion rate, and simple driver circuit.
In the first half of the paper, we present the basic experiments and their results related to the design and development of the microthruster; and in the latter half, we show the development status of the laser ignition microthruster for an actual microsatellite mission. Figure 3 shows the laser ignition thruster used for performance measurements. It has a revolving propellant case that has five single-shot disposable thrusters. Each thruster has a two-dimensional nozzle with a throat width of 1 mm, and an expansion area ratio of around 4.2, which was arrived at as the result of a trade-off between the need for high impulse and that for a compact design. Two B/KNO 3 pellets, each weighing 30 mg and measuring 3.2 mm in diameter and 2 mm in axial length, were employed in each single-shot thruster. The mass fractions of the components of the B/KNO 3 pellets are boron 28 %, KNO 3 70%, and binder 2%. The optical system consists of two plastic lenses with a focal length of 3.3 mm.
Experiments

Performance measurements
Preliminary experiments
In the initial phase of the design and development of the microthruster system, the laser irradiation parameters and the shape of the propellant case were determined by trial and error. All the experiments were conducted in a 0.9-m 3 vacuum chamber at an ambient pressure between 1×10 -4 -1.0×10 -3 Torr. CW diode lasers with a wavelength of 808 nm and 980 nm were employed.
In the preliminary experiments, the ignition probabilities of the B/KNO 3 pellets were measured in two cases (see Fig.  2) 3)
. In the first case, the laser power was set at 250~500 mW and the laser irradiation time was changed, under which condition the probability of ignition increased monotonically with the laser irradiation time and reached 100% after 150 ms. In the second case, the laser irradiation time was set at 500 ms and the laser power was varied, under which condition the probability of ignition increased with the power of the laser beam and 100% ignition was achieved above 400 mW. Figure 4 shows photos of laser ignition and the exhaustion of the combustion gas captured by a digital video camera. Laser beam irradiation started at t=0 ms and continued to heat the surface of the pellet (t=33 ms). The pellet ignited at around t=66 ms with a bright plume, and the combustion continued for several hundred milliseconds.
Ignition probabilities using this propellant case were measured (see Fig. 5 ). Experiments showed that the ignition probability of B/KNO 3 pellets greatly depends on the throat area of the combustion chamber. The probability became less than 90% when the throat area was 1.0 mm 2 , and reached 100% with a throat area of less than 0.65 mm 2 After considering these results, the value of the laser beam power was set at 1 W to ensure complete ignition of the B/KNO 3 pellets. Figure 6 shows 151 plots of impulse for different throat areas (A t ) as functions of ignition time, where each plot indicates the impulse generated in an individual shot. The impulses were measured by means of a thrust stand, using a horizontally swinging torsional balance with a 30-cm-long arm.
4) The ignition time was defined as the time between the input voltage of laser irradiation and the detection voltage of movement of the thrust stand arm. The thrust stand was calibrated by striking a force transducer attached to the thrust stand with an impact pendulum. As shown in Fig. 6 , impulses are around 60 mNs and specific impulses, which are calculated using the mass of the pellet, are around 100 s. These values are smaller than the theoretical value of I sp for B/KNO 3 , which is around 140 s from thermodynamic calculations. The main reason for this low I sp is the relatively large heat loss through the wall of the combustion chamber and the small expansion area ratio due to the short combustion chamber and nozzle, which was the result of the trade-off between thruster size and impulse power. Figure 8 shows a laser ignition microthruster unit for the KKS-1 microsatellite.
Microthruster for KSS-1 microsatellite
5) The KKS-1 is a 15×15×15 cm Several design values were determined from these experiments. The throat area of the nozzle, which seems to have little effect on the impulse, but a significant effect on ignition probability, was set at 0.5 mm 2 . The irradiation time from the diode laser (shorter is better provided 100% ignition is achieved) was set at 400 ms, because all ignitions started within 400 ms, as shown in Fig. 6 .
The design philosophy of the thruster unit is conservative, with no moving parts. A nontransparent safety plate for the diode laser is inserted into a slit between the laser and the propellant case to block unintentional laser beam irradiation of the solid propellant pellets during launch. Next, ignition probabilities and impulses for different B/KNO 3 compositions were investigated using the same size propellant case, in order to enhance performance by determining the optimal component ratio of the propellant mixture.
The mixture ratios tested were: B/KNO 3 /binder=8/90/2, 18/80/2, 28/70/2 (nominal), 38/60/2 and 48/50/2.
Summary
A laser ignition microthruster was developed for a microspacecraft. The microthruster uses a diode laser to ignite small solid-propellant pellets to produce a high impulse-to-energy ratio. Basic experiments were performed to investigate the laser ignition characteristics of a B/KNO 3 propellant. Laser ignition microthrusters designed and fabricated based on these basic data will be demonstrated onboard the KKS-1 microsatellite. Figure 7 shows the impulses for the five propellants. Propellants with smaller boron fractions (8/90/2 and 18/80/2) failed to ignite under 1 W laser beam irradiation, however, propellants with a larger boron fraction (28/70/2, 38/60/2 and 48/50/2) showed 100% ignition. The measured impulses of B/KNO 3 /binder ratios of 28/70/2 and 38/60/2 were higher than the other mixture ratios. From these results, we decided to use B/KNO 3 =28/70/2 (nominal mixture ratio) in our laser ignition microthrusters.
